ABSTRACT White Striping (WS) and Woody Breast (WB) are 2 conditions that adversely affect consumer acceptance as well as quality of poultry meat and meat products. Both WS and WB are characterized with degenerative myopathic changes. Previous studies showed that WS and WB in broiler fillets could result in higher ultimate pH, increased drip loss, and decreased marinade uptake. The main objective of the present study was to compare the proteomic profiles of muscle tissue (n = 5 per group) with either NORM (no or few minor myopathic lesions) or SEV (with severe myopathic changes). Proteins were extracted from these samples and analyzed using a hybrid LTQ-OrbitrapXL mass spectrometer (LC-MS/MS). Over 800 proteins were identified in the muscle samples, among which 141 demonstrated differential (P < 0.05) expression between NORM and SEV. The set of differentially (P < 0.05) expressed proteins was uploaded to Ingenuity Pathway Analysis R (IPA) software to determine the associated biological networks and pathways. The IPA analysis showed that eukaryotic initiation factor-2 (eIF-2) signaling, mechanistic target of rapamycin (mTOR) signaling, as well as regulation of eIF4 and p70 S6K signaling were the major canonical pathways up-regulated (P < 0.05) in SEV muscle compared to NORM. The up-regulation of these pathways indicate an increase in protein synthesis which could be part of the rapid growth as well as cellular stress associated with ongoing muscle degeneration and the attempt to repair tissue damage in SEV birds. Furthermore, IPA analysis revealed that glycolysis and gluconeogenesis were the major down-regulated (P < 0.05) canonical pathways in SEV with respect to NORM muscle. Down-regulation of these pathways could be the reason for higher ultimate pH seen in SEV muscle samples indicating reduced glycolytic potential. In conclusion, comparison of proteomic profiles of NORM and SEV muscle samples showed differences in protein profile which explains some of the observed differences in meat quality parameters. Future studies based on these differences could provide valuable insights into various cellular changes and identification of biomarkers related to WS and WB.
INTRODUCTION
White striping (WS) and woody breast (WB) are 2 meat quality defects that result in an annual loss of $200 million or more to the U.S. poultry industry . Grossly, WS is the occurrence of white lines, while WB is the increased hardness of raw breast fillets. WS and WB are 2 degenerative myopathies (Kuttappan et al., 2013b; Sihvo et al., 2014; Trocino et al., 2015; de Brot et al., 2016) resulting in increased fat and decreased protein content in broiler breast fillets (Kuttappan et al., 2012b; 2013a; 2013b; Petracci et al., 2014) . Economic loss from these myopathies (WS and WB) could be due to inferior meat texture as well as reduced consumer acceptance of poultry meat (Kuttappan et al., 2012c; Brambila et al., 2016; Chatterjee et al., 2016; Tasoniero et al., 2016) , and also poor water-holding capacity in furtherprocessed products due to loss of functional proteins Bowker and Zhuang, 2016; Tijare et al., 2016) .
White striping and WB are associated with faster growth rate in broiler birds (Kuttappan et al., 2012b; Lorenzi et al., 2014; Russo et al., 2015; Trocino et al., 2015) . Since the birds are continuously selected for improvement in growth, the global incidence of myopathies has increased over last few years . Various other factors that could influence the growth rate in birds (e.g., energy and protein content in diet, age, gender, restricted feeding) have been shown to be associated with the incidence of these myopathies (Kuttappan et al., 2009 (Kuttappan et al., , 2012a (Kuttappan et al., , 2012b (Kuttappan et al., , 2013c (Kuttappan et al., , 2015 Trocino et al., 2015) . However, the genetic basis for the incidence of these myopathies is still debatable. Some of the studies reported that the incidence of WB has low genetic correlation to both growth and breast yield (Bailey et al., 2015; Velleman and Clark, 2016) , while Alnahhas et al. (2016) suggested a significant genetic correlation between WS and body weight, breast meat yield, and intramuscular fat. Although these myopathies have both macroscopic and/or microscopic similarities to other conditions, such as hereditary muscular dystrophy, nutritional myopathy, toxic myopathies, etc., the etiology seems to be different .
To gain insights into the etiology, studies have evaluated the tissue changes associated with both WS and WB. Histological changes suggest that circulatory insufficiency in fast-growing birds might lead to degeneration of muscle fibers (Clark and Velleman, 2016) . WS and WB are also associated with reduced ability to store and utilize carbohydrates and are consistent with the higher ultimate pH in myopathic breast samples (Alnahhas et al., 2016) . Accumulation of calcium ions in the muscle cells could be a factor that triggers myopathic changes Soglia et al., 2015) . In a global gene expression study, Mutryn et al. (2015) reported that changes in intracellular calcium, possible fiber-type switching, hypoxia, and oxidative stress could be closely associated with the pathogenesis of these myopathies.
However, the information collected so far has not established a cause-effect relationship between any of these factors. Although there were some studies conducted to evaluate the changes in certain individual proteins Zambonelli et al. 2016) , few efforts have been put to show wider changes in protein expression in these myopathies. A better understanding of the protein changes could help us to know more about the metabolic pathways involved and provide a stepping stone to elucidate the etiologies. Thus, the present study used a proteomics approach to analyze poultry breast samples with different degrees of myopathies to evaluate changes in specific metabolic pathways and processes.
MATERIALS AND METHODS

Birds and Sample Collection
Bird handling and sample collection procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee. Breast muscle samples were collected from high breast yielding, male broilers grown on same diet until the age of 52 d. On the day of sample collection, birds (n = 24 birds; 3 birds/pen) were randomly selected from an experimental trial flock; live weight was recorded, and the birds were euthanized using carbon dioxide. Immediately after euthanizing, skin over breast muscle was opened, scored for woody breast (Tijare et al., 2016) , and the pectoralis major muscle was exposed. From the cranial region of the right pectoralis major muscle, approximately 5 g of muscle sample were collected, snapfrozen, and stored at -80
• C until processing for proteomic analysis. Similarly, samples of pectoralis major (ca. 2.5 cm × 1 cm × 1 cm) from the same region were cut along the direction of muscle fibers and placed in 10% (vol/vol) buffered formalin (pH 7) for histological analysis. Special attention was given to avoid unnecessary handling of tissue, limit the chance of contamination, and to keep the sampling site consistent throughout the study.
Histology and Scoring of Lesions
Histological samples were embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin stain. Three tissue slides were prepared from each bird. Slides were observed under the microscope to evaluate degenerative myopathy lesions. Lesion frequency was quantified by visual scoring based on the reports from previous studies (Kuttappan et al., 2013b; Sihvo et al., 2014; Trocino et al., 2015; de Brot et al., 2016) . Based on the lesions scores for the tissue slides, breast muscle samples were categorized as normal, having no or very mild lesions (NORM), and severe, having severe myopathic lesions (SEV). Among the muscle tissues samples screened for the present study, 5 samples from different birds were selected as representing the NORM category, and 5 others as representing the SEV category. Sample from these same 10 birds were subsequently subjected to proteomic analysis.
Proteomic Analysis
Muscle samples (0.5 g) visually devoid of fat and connective tissue were homogenized in 1.5 mL of 20 mM potassium phosphate buffer at pH 7.4 using a hand-held Tissue-Tearor (Biospec Products Inc., Bartlesville, OK) at speeds varying from 5,000 rpm to 32,000 rpm. Following homogenization, samples were centrifuged at 10,000 × g, and the supernatant was collected. Protein concentrations in the supernatants were determined using the Bicinchoninic Acid Protein Assay (Sigma Aldrich, St. Louis, MO). NORM and SEV muscle samples were then diluted to a protein concentration of 20 μg /150 μL using the phosphate buffer, and the samples were stored at -80
• C until further analysis. The present study focused on evaluating the proteomic profile of enzymes and sarcoplasmic proteins from the muscle samples.
Protein samples were precipitated using TCAacetone, and subsequently dissolved in 8 M urea, 100 mM Tris HCL pH = 8.5, 5 mM Tris (2-carboxyethyl) phosphine at room temperature for 20 min. After this dissolution and reduction, 1/20th volume of 200 mM iodoacetamide was added, and the alkylation was allowed to proceed for 15 min in the dark at room temperature. The sample was then diluted with 4 volumes of 100 mM TrisHCl, and digested with 4 μg/mL trypsin overnight at 37
• C. Digested samples were acidified to 1% formic acid, purified by reversedphase chromatography using C18 affinity media (OMIX tips from Agilent, Santa Clara, CA). For LC-MS/MS analysis, each sample was subjected to 3 replicate analyses using a hybrid LTQ-OrbitrapXL mass spectrometer (ThermoFisher Scientific, Waltham, MA) as described previously (Voruganti et al., 2013) , but using 40-cm C18 columns developed over a 2-h period with 0 to 40% acetonitrile. MS-grade solvents used were from Burdick and Jackson (via Fisher Scientific, Hampton, NH), sequencing grade trypsin was from Promega (Madison, WI), and other reagents were the highest grade available from Sigma-Aldrich.
Data Analysis
Proteins were identified using MaxQuant v1.5.3.8 (Cox and Mann, 2008) to search a Gallus gallus reference proteome downloaded from Uniprot on 06/12/15 (17,656 protein sequences). Searches were conducted using default MaxQuant parameters, with protein and peptide FDR set to 1%. Relative protein expression was quantified using the MaxQuant LFQ algorithm (Cox et al., 2014) , and significant differences in protein expression were assessed by using t-testing algorithms embedded in Perseus 1.2.0.16 (Max Planck Institute of Biochemistry). The annotations of proteins and canonical pathways analysis were performed using Ingenuity Pathway Analysis (IPA; Qiagen, Valencia, CA; http://www.ingenuity.com) software.
RESULTS AND DISCUSSION
The SEV birds (n = 5) had a higher (P <0.05) live body weight than the NORM (n = 5) category in the trial (SEV -3.8 kg; NORM -3.2 kg; SE -0.16). Furthermore, SEV (1.4) breast fillets had a significantly higher WB score compared to NORM birds (SEV -1.4; NORM -0.2; SE -0.19). This observation is in agreement with the fact that myopathies such as WB are mainly seen in high-yielding birds (Kuttappan et al., 2012b; Lorenzi et al., 2014; Russo et al., 2015; Trocino et al., 2015) . A heat map (Figure 1) shows the results from cluster analysis done based on the protein profile of samples used in the study, showing a clear difference in clustering between NORM and SEV muscle, except in one NORM sample. Similar results were observed in the cluster analysis conducted by Mutryn et al. (2015) . Minor differences in clustering likely reflect that myopathy occurs as a gradient, from a normal to severe myopathy, depending on underlying factors. The miscategorized NORM sample ("NORM˙4") could be starting to undergo biochemical or physiological changes that might ultimately lead toward myopathy. Over 800 proteins were identified in the muscle samples, among which 141 demonstrated differential (P < 0.05) expression between NORM and SEV. Based on the volcanic plot (Figure 2 ; both red dots and blue cross), there were 83 and 58 proteins that were up-regulated and downregulated, respectively, in SEV samples when compared to NORM. Among the proteins that were significantly different, the volcano plot analysis identified 62 proteins (Figure 2 ; shown as red dots) that showed greater difference between NORM and SEV with respect to both the magnitude of fold difference and also P value. The details of these 62 major proteins are shown in Tables 3,  4 , and 5.
Ingenuity Pathway Analysis indicated that the proteins which were differentially expressed (P < 0.0.5) in myopathic muscle in present study were mainly associated with cellular movement, carbohydrate metabolism, protein synthesis, post-translational modification, and protein folding (Table 1 ). In the present study, the cellular function and movement seen in fast-growing birds with myopathy could be due to increased remodeling and the associated inflammatory responses in birds with myopathy, similar to high feed-efficiency birds as observed by Zhou et al. (2015) . In addition, this is in accordance with reports of histological lesions involving infiltration of inflammatory cells and degeneration and regeneration of muscle fibers seen in both WS and WB (Kuttappan et al., 2013b; Sihvo et al., 2014; Trocino et al., 2015; de Brot et al., 2016) . Furthermore, myopathic tissues showed changes in the expression of individual proteins associated with canonical pathways such as eukaryotic initiation factor-2 (eIF-2) signaling, mechanistic target of rapamycin (mTOR) signaling, regulation of eIF4 and p70 S6K signaling, glycolysis, and gluconeogenesis (Table 2 ). Many of these changes Table 3 . Proteins which were related to protein metabolism and cellular stress, and were differently expressed in SEV compared to NORM birds. (Tables 3, 4 , and 5) into pathways/processes of protein as well as carbohydrate metabolism. The changes in protein metabolism in the present study could be related to differences in growth rate and degenerative changes in muscle tissue of myopathic birds. In muscle, post-natal growth is mainly through synthesis of proteins, leading to hypertrophy rather than hyperplasia with the involvement of satellite cells (Clark and Velleman, 2016) . Phosphatidylinositol 3 kinase (PI3K)/Akt signaling pathways have crucial role in muscle growth through hypertrophy in a variety of organisms (Schiaffino and Mammucari, 2011; Zhou et al., 2015) . Growth hormone, nutrients, or even stress conditions such as hypoxia act on muscles to stimulate the PI3K/Akt signaling, leading to the activation of mTOR, and its downstream pathways such as p70 S6K and various eukaryotic factors, finally resulting in increased protein translation (Bodine et al., 2001; Hay and Sonenberg, 2004; Yang et al., 2008; Zoncu et al., 2011; Laplante and Sabatini, 2012; Deng et al., 2014) . In the present study, the up-regulation of proteins in eIF-2 and mTOR signaling and the regulation of eIF4 and p70 S6K signaling in SEV muscle ( Table 2 ) mainly suggest that there is increased protein translation occurring during myopathy. The suggested increased protein synthesis in myopathic birds could be associated with enhanced growth rate linked to the myopathies (Kuttappan et al., 2012b; Lorenzi et al., 2014; Russo et al., 2015; Trocino et al., 2015) . In addition, results from the IPA suggest that these pathways connected to protein translation are also linked to other protein translation and cellular stress response and repair pathways such as endoplasmic reticular stress, unfolded protein response, protein ubiquitination, Rho GTPase, and protein kinase A pathways (Table 3) . Similarly, Mutryn et al. (2015) reported that myopathy associated with WB in broiler breast is related to up-regulation of RNA sequencing related to cellular stress which could be due to circulatory insufficiency and hypoxia. Therefore, the occurrence of regenerating muscle fibers in histological lesions implies that the increased proteins synthesis could also be related to cellular stress and repair mechanisms trying to compensate for the degenerating myofibers (Kuttappan et al., 2013b; Sihvo et al., 2014; Trocino et al., 2015; de Brot et al., 2016) . The connection of the 2 lines of pathways (related to protein synthesis and stress) imply that the increased protein synthesis taking place in myopathic birds could be related to increased growth rate and associated cellular stress conditions resulting in muscle degeneration as well as repair mechanism.
Glutamic-oxaloacetic transaminase (GOT1 and GOT2) were down-regulated in SEV when compared to NORM muscle samples (Table 4) . As suggested by the IPA, these enzymes are mainly involved in amino acid metabolism related to glutamate degradation, aspartate biosynthesis, cysteine degradation, and super-pathway of methionine degradation. Previously, Kuttappan et al. (2013a) reported that there was a higher level of serum GOT in birds with severe WS compared to control birds. Thus, further studies are warranted to determine the importance of these enzymes in the development of myopathies in broiler birds.
The 2 major canonical pathways down-regulated in SEV muscle were glycolysis and gluconeogenesis (Table 2) . According to IPA analysis, there were downregulation of proteins which were related to glycogen degradation, pyruvate to lactate conversion, and tricarboxylic acid cycle (Table 5 ). These findings join growing evidence for the model that relates the incidence of myopathies with reduced ability of carbohydrate metabolism in broilers Mutryn et al. 2015) . In fact, breast muscles in broiler birds are primarily glycolytic muscle which use anerobic metabolism of glucose to produce energy. Therefore, a down-regulation of the glycolysis pathway suggests that these birds could have a reduced energy production in breast muscles. In the present study, a down-regulation of lactate dehydrogenase (LDH) A in SEV muscle (Table 5) suggest that the myopathy birds have a reduced conversion of pyruvate to lactate in breast muscle. Kuttappan et al. (2013a) compared the serum profile of normal and severe WS birds and reported that the severe WS birds had higher levels of LDH which could be due to the leakage of LDH from muscle fibers undergoing degenerative changes. Furthermore, the post-mortem conversion of pyruvate to lactate is important for the meat to attain its ultimate pH and shows the glycolytic potential of the muscle. A reduced glycolytic activity and LDHA in myopathic birds could result in increased ultimate pH in myopathic meat, which is in agreement with a number of studies reporting that meat with myopathy has higher ultimate pH when compared to normal birds (Petracci et al., 2013; Dalle Zotte et al., 2014 , 2015b Kuttappan et al., 2015; Mudalal et al., 2015; Bowker and Zhuang, 2016; Tasoniero et al., 2016) . Furthermore, Alnahhas et al. (2016) evaluated the incidence of WS on 2 broiler lines selected for glycolytic potential and found that the line with less glycolytic potential or higher ultimate pH had higher incidence of WS when compared to the other strain. Metabolomic study conducted by Abasht et al. (2016) reported that muscle samples with WS/WB had reduced levels of glycolytic intermediates such as glucose-6-phosphate as well as fructose-6-phospahte, and glycolytic end products pyruvate and lactate which were in accordance with results from the present study. According to Abasht et al. (2016) and Zambonelli et al. (2016) , the alteration in the glycogen and glucose metabolism could be due to the rerouting of metabolites from these pathways for the synthesis of collagen, proteoglycans, and glycosaminoglycans to alleviate the oxidative stress, and support detoxification as well as reparative process in the affected tissue. Conversely, high activation of mTOR signaling associated with increased growth and metabolism could result in feedback inhibition of insulin signaling leading to reduced glucose uptake and metabolism (Laplante and Sabatini, 2012) . In fact, Alnahhas et al. (2014) reported that selection based on glycolytic potential could reduce meat quality defects without affecting performance. Further studies are needed to reveal the order of occurrence of these changes to establish the initiating factor for muscle tissue changes resulting in WS and WB.
In conclusion, proteomic analysis of muscle collected from birds with or without myopathy revealed that occurrence of myopathy is closely associated with upregulation of protein metabolism and increased translation of proteins. This increased protein metabolism could be related to the higher growth rate seen in these birds and/or to the regenerative process occurring to repair degenerative myopathic changes. In addition, muscle with severe myopathy had down-regulated carbohydrate metabolism when compared to normal, explaining the reduced glycolytic potential and higher ultimate pH observed in fillets with severe myopathy. The results from this study gave an overall picture of the changes in protein profile of muscle affected with myopathies. A next step to this study will be to evaluate the proteomic profile of serum samples from birds having myopathy. Matching the proteomic profile of muscle and serum will help to identify robust and less invasive biomarkers for incidence of myopathies in live birds.
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